Objectives: Collagen organization, a feature that is critical for cartilage load bearing and durability, is not adequately assessed in cartilage repair tissue by present histological scoring systems. Our objectives were to develop a new polarized light microscopy (PLM) score for collagen organization and to test its reliability. Design: This PLM score uses an ordinal scale of 0e5 to rate the extent that collagen network organization resembles that of young adult hyaline articular cartilage (score of 5) vs a totally disorganized tissue (score of 0). Inter-reader reliability was assessed using Intraclass Correlation Coefficients (ICC) for Agreement, calculated from scores of three trained readers who independently evaluated blinded sections obtained from normal (n ¼ 4), degraded (n ¼ 2) and repair (n ¼ 22) human cartilage biopsies. Results: The PLM score succeeded in distinguishing normal, degraded and repair cartilages, where the latter displayed greater complexity in collagen structure. Excellent inter-reader reproducibility was found with ICCs for Agreement of 0.90 [ICC(2,1)] (lower boundary of the 95% confidence interval is 0.83) and 0.96 [ICC(2,3)] (lower boundary of the 95% confidence interval is 0.94), indicating the reliability of a single reader's scores and the mean of all three readers' scores, respectively. Conclusion: This PLM method offers a novel means for systematically evaluating collagen organization in repair cartilage. We propose that it be used to supplement current gold standard histological scoring systems for a more complete assessment of repair tissue quality.
Introduction
Collagen type II, one of two major extracellular matrix components of articular cartilage, forms a highly organized fibrillar network that plays a central role in cartilage biomechanical properties and durability. Hyaline articular cartilage is stratified, with collagen fibres in the superficial zone (SZ) oriented tangentially to the articular surface, becoming more randomly oriented in the transitional zone (TZ) and aligned perpendicularly to the cartilagebone interface in the deep zone (DZ) 1e7 . The collagen network entraps and restrains large, hydrophilic proteoglycan molecules.
During loading, the collagen network resists lateral expansion and interstitial fluid is forced out through the dense proteoglycan matrix, pressurizing the fluid and allowing for load bearing 8e11 . Considerable research activity centers on the repair of focal cartilage lesions using a range of cell therapies 12, 13 , in vitro generated tissue-engineered constructs 14, 15 , scaffold-based solutions 16, 17 and surgical techniques 18 that may lead to effective cartilage repair in humans. Cartilage repair processes originate from the subchondral bone, the implanted cells or tissue-engineered construct and further involve interactions between these two sources and other joint tissues 19 . Microfracture, a surgical technique, produces small perforations in the debrided subchondral bone plate, recruiting mesenchymal cells from the marrow to fill the defect with a granulation tissue which matures over 3e12 months. In cell therapies, implanted chondrocytes or other cell types may adhere and proliferate to produce cartilage repair tissue. It is not presently known the extent to which either of these two sources of cartilage repair, or other approaches, can reconstitute the functionally important stratified structure of hyaline articular cartilage, which is a consequence of endochondral developmental processes 20 . The quality of in vivo repaired cartilage in humans is often assessed histologically from 2 mm diameter osteochondral biopsies collected from the centre of the repair site 13,21e24 . Presently, there are five published histological scoring systems for evaluating human repair cartilage 25 . The OsScore, International Cartilage
Repair Society (ICRS ) I and II consist of various categories that are predicted to contribute to the long-term durability of repair cartilage 25 . The OsScore 23 and ICRS I 22 methods are semi-quantitative, consisting of seven and six categories respectively, and rated on ordinal scales. The OsScore categories are evaluated individually and summed to produce a single overall score 23 . For the ICRS I, readers consult an image bank to rate six categories, whose scores are not summed 22 . The ICRS II 13, 25, 26 uses visual analogue scales to rate 14 categories, with defined anchors at 0% and 100% positions, selected to reflect ICRS I categories and to include additional scores for negative features such as inflammation and vascularization. None of these scores specifically evaluate collagen architecture, which is central to cartilage biomechanical properties and durability 4, 27, 28 . The authors of the OsScore observed haematoxylin and eosin stained sections in polarized light to evaluate tissue morphology where fibrous tissue scored 0 and hyaline cartilage scored 3 23 . Similarly, ICRS II recommends viewing stained sections in polarized light when scoring tissue morphology with anchors of 'full thickness collagen fibres' at 0% and 'normal cartilage birefringence' at 100% 26 . These categories represent a first step towards assessing collagen network structure but neither captures the detailed features of collagen organization in adult articular cartilage. A systematic evaluation of the extent to which collagen organization in repair tissue approaches that of hyaline cartilage is warranted for this critical feature that may be the most indicative of long-term durability. To this end, we developed a qualitative polarized light microscopy (PLM) score to evaluate collagen organization in unstained histological sections. PLM is a powerful tool for studying the orientation of anisotropic materials, such as biological tissues containing fibrillar collagen 5, 7, 29, 30 . In hyaline cartilage, linear PLM reveals the highly organized collagen of the SZ and DZ as two birefringent regions, separated by a non-birefringent region, the TZ 4,5,31e35 . In cartilage repair, regions of birefringent and non-birefringent tissue have been previously observed 23,36e39 although no systematic scoring scale describing the level of organization has been proposed.
Linear PLM can be performed on a light microscope with the addition of two filters, a polarizer and analyzer 40 . The polarizer is placed after the light source and ensures only linearly polarized light, i.e., light in a single plane that is perpendicular to the direction of light propagation, is transmitted to the specimen. Optically anisotropic materials change the direction of polarized light, an effect called birefringence. This is true of fibrillar collagen-containing tissues, such as articular cartilage, and can be observed in histological sections. The fibrillar structure splits the incident polarized light into two orthogonal rays, in a way that depends on the direction of collagen at each point in the section. The analyzer filter, positioned after the specimen and at a right angle to the polarizer, recombines these rays to create the observed image. The orientation of the analyzer ensures that only light with a polarization that is altered by the tissue is transmitted. The intensity of the resulting signal therefore indicates regions of the tissue with a capacity to alter polarization and thus are optically active, or in other terms birefringent, anisotropic, or oriented.
PLM is ideal for evaluating cartilage collagen architecture because it is sensitive to collagen fibre orientation, yet simple enough to be generally applicable 4, 27, 31, 39, 41 . Nonetheless, a systematic method needed to be developed and tested, which were the goals of the present study. We developed this PLM score to describe collagen organization on an ordinal scale ranging from total disorganization (score of 0) to the ideal collagen organization present in young adult hyaline articular cartilage (score of 5). We applied the PLM score to human biopsies of normal, degraded and repair cartilages to test these hypotheses: (1) . Collagen organization in human biopsies can be systematically characterized using the PLM score, and (2). The PLM score is highly reproducible when applied by multiple readers.
Materials & methods

Tissue sources & processing
Human and equine cartilages were used to develop and test this PLM scoring method. Tissues were handled using procedures approved by the Ethics Committee at École Polytechnique de Montréal or that followed the guidelines of the Canadian Council on Animal Care.
The PLM score was developed using equine cartilage disks (n ¼ 4) harvested from a healthy 9-year-old horse (Ontario Veterinary College, Guelph, ON, Canada), and osteochondral samples retrieved from five distinct sites in a single human knee that had undergone a marrow stimulation repair procedure, including tissue from the repair site on the medial femoral condyle (MFC) and from non-operated joint surfaces. Results relating to these samples have been partially reported in abstracts 42, 43 .
The PLM score was tested using human osteochondral biopsies, 2 mm in diameter, collected using 11G Jamshidi needles (Cardinal Health, ON, Canada) from tissue sources that were macroscopically normal, degraded or from sites that had undergone cartilage repair procedures. Normal cartilage samples were acquired from cadaveric knees (n ¼ 2, LifeLink Tissue Bank, Tampa, FL, USA), and large allografts (n ¼ 2, RTI Biologics Inc., Alachua, FL, USA), which were all previously frozen. Degraded cartilage samples (n ¼ 2) were obtained from tissue removed during a total hip arthroplasty, with one biopsy from the centre of an OA lesion (Degraded 1) and the other from an adjacent, macroscopically normal region on the same joint surface (Degraded 2) (Research Institute of the McGill University Health Centre, Montréal, Québec Canada). Finally, cartilage repair samples (n ¼ 22) were retrieved during standardized second-look arthroscopies approximately 13 months posttreatment with cartilage repair procedures based on bone marrow stimulation. These biopsies were retrieved during a randomized clinical trial, sponsored by BioSyntech Inc. (now part of Piramal Healthcare (Canada)) (Laval, Québec, Canada), where the ability of microfracture augmented with the cartilage repair device BSTCarGel Ò was compared to microfracture alone for repairing focal cartilage lesions. Biopsies were fixed in 10% neutral buffered formalin (NBF) at room temperature for a minimum of 24 h up to 5 days. Decalcification was achieved by rocking samples placed in 0.5 N HCl, 0.1%(v/v) glutaraldehyde for 30 h at 4 C. Samples were post-fixed in 10% NBF overnight prior to paraffin embedding and sectioned at 5 mm.
Age-related changes were explored using separate human osteochondral sections from macroscopically normal MFCs (n ¼ 6) grouped based on age as either young (17 and 24 years), middleaged (40 and 41 years) or old (56 and 58 years) (RTI Biologics Inc., Alachua, FL, USA). These samples were fixed in 10% NBF at 4 C for 32 days, decalcified in 0.5 N HCl, 0.1%(v/v) glutaraldehyde for 13 days, paraffin embedded and sectioned at 5 mm. In a separate internal study, matrix changes were not observed in Safranin-O/ Fast-Green stained sections of normal cartilage stored in fixative for up to 6 months (data not shown).
All sections were deparaffinized and rehydrated for mounting using a sequence of baths including toluene (Fisher Scientific Canada, Ottawa ON, Canada), a graded ethanol series (Commercial Alcohols, Boucherville, QC, Canada), and distilled water. They were mounted unstained in Permount (Fisher Scientific, Hampton, New Hampshire, USA), selected because its index of refraction, 1.55, is close to the range reported for fibrillar collagens, approximately 1.5 30, 44, 45 . Ensuring similar refractive indices minimizes form birefringence, produced when a mismatch between the specimen and the media in which it is being observed is present, and which artificially increases optical activity 32 .
PLM qualitative score
The goal of the PLM score (Table I , Figs. 1 and 2) is to assess the extent to which a given sample demonstrates the collagen organization observed in young adult hyaline articular cartilage (score of 5) vs total disorganization (score of 0). It includes features that are important for successful cartilage repair and is applicable to repair tissues produced either by marrow stimulation or cell-based repair techniques. The key features of the PLM score, in order of importance, are: (1). DZ integration, (2) . Presence of an SZ, (3). Multi-zone structure, and (4). Specific characteristics, such as appropriate zonal thicknesses, present in native hyaline cartilage.
A DZ is essential for basal integration of the repair tissue and this feature is given the highest priority in the PLM score. Perpendicularly-oriented collagen fibres provide an anchor between the repair tissue and the underlying subchondral bone, which is necessary to prevent tissue delamination 46 . The presence of a mainly verticallyoriented DZ, where the tissue above forms a second, non-oriented zone, yields a PLM score of 1 if it occupies less than 50% of the full thickness of non-calcified repair tissue, and a score of 2 if it is greater than 50% [ Fig. 2(aec) ]. (Alternatively, in this latter case, the second zone above the DZ may be oriented in any direction except vertical). This distinction reflects the approximate DZ proportion observed in normal articular cartilage, which averages 62e75% in the human knee when assessed by PLM 47, 48 or 61e92% in stained sections 49, 50 , and 60e90% in animal species 4,5,7,28,30,31,34,48,50e52 .
Zonal thicknesses vary with species, age and location on the joint surface. Fibres angled within AE30 from vertical are acceptable since they still provide an anchor for the repair tissue 7 and it ensures that biopsies extracted at an angle are not penalized. The SZ of hyaline cartilage plays important roles in load bearing and resisting degeneration 28, 31, 33, 52, 53 , making its presence a desirable feature for repair cartilage tissues. In the PLM score, evidence of one additional zone of oriented (non-vertical) tissue above the DZ, regardless of DZ thickness, receives a score of 2, whereas two or more additional zones, approximating the SZ and TZ, are assigned a score of 3 [ Fig. 2(ced) ]. Smooth, horizontally-oriented SZs are rarely observed in repair cartilage produced by microfracture 54 or cell-based therapies 23, 36, 38 . To accommodate for this variability, some flexibility is permitted in the PLM score concerning orientations in the zone(s) above the DZ. The zone approximating the SZ may have either horizontal or multiple orientations, meaning it could contain several pockets of oriented collagen that are not necessarily oriented in the same direction. The zone(s) approximating the TZ may be non-oriented or have any orientation that is neither parallel nor perpendicular to the articular surface, in order to render it distinct from the DZ and SZ. In summary, repair tissues that receive a score of 3 out of 5 contain vertically-oriented DZs and at least two additional zones approximating the transitional and superficial zones. Achieving a score of 3 therefore represents a high level of success for cartilage repair since this multi-zonal structure has seldom been seen in published PLM images of repair cartilages to date 23, 26 ,36e38,54 .
PLM scores above 3 are given when specific characteristics of native hyaline cartilage are present, including appropriate zonal thicknesses and fibre orientations. A score of 4 [ Fig. 2(e) ] is assigned when the multi-zonal structure has the appropriate orientations for each of the three zones and approximate normal zonal proportions, where the DZ occupies roughly 50% of the full thickness of non-calcified tissue, with smaller TZ and SZ.
To receive a perfect PLM score of 5, the specimen must satisfy all previous requirements, and additionally zonal thicknesses should be laterally homogeneous and birefringence smooth in texture [ Fig. 2(f) ]. Our observations suggest that texture is associated with tissue type. Degraded tissues are often patchy and inconsistent while repair tissue can have a granular appearance, possibly due to the numerous small diameter fibres present (Fig. 3) . In contrast, native cartilage has a smooth, uniform texture, where cell lacunae can be discerned (Figs. 3 and 4) . Normal human cartilage typically receives scores of 4e5, with 4 being the most common, as heterogeneity and lack of smooth birefringence can often be observed and appear to increase with age (Fig. 4) . Zonal organization with birefringent tissue in the DZ perpendicular to the cartilage-bone interface (AE30 ), and birefringent tissue at the articular surface that is either aligned parallel to the surface or that has multiple orientations. These two zones are separated by a third non-birefringent region that is appropriate to the species from which the specimen was taken; for example, in human articular cartilage it may be a thin, nonuniform region that is difficult to distinguish compared to the consistent dark band observed in equine articular cartilage. Alternatively, the two birefringent zones are separated by a birefringent region with orientation that is neither parallel nor perpendicular. Zonal thicknesses are heterogeneous across the lateral direction of the specimen. The specimen texture may be smooth, patchy or granular. 4 Identical to a Score of 3 except that the orientation in the SZ must be parallel to the surface, and the TZ must be appropriate to the species from which the specimen was taken; for example, in human articular cartilage it may be a thin, non-uniform region that is difficult to distinguish compared to the consistent dark band observed in equine articular cartilage. In addition to these characteristics each zone should approximate the zonal proportions for the species from which the specimen was taken; for example, in human articular cartilage, the DZ should be the largest, occupying greater than 50% of the total thickness of non-calcified tissue. The transitional and SZs are smaller, and the TZ may be larger than the SZ. 5
Displays birefringence patterns of young adult hyaline articular cartilage with distinct superficial ad deep zones with uniform birefringence indicating parallel and perpendicularly-oriented fibres respectively, separated by an appropriate TZ. Zonal thicknesses are appropriate for the species and location from which the specimen was taken and are relatively homogeneous across the lateral direction of the specimen. Overall, the specimen birefringence has a uniform, smooth texture and is neither granular nor patchy.
The detailed requirements for the PLM score (Table I) were translated into a flowchart to facilitate scoring (Fig.1) , which is performed by observing a mounted unstained section directly at a light microscope fitted with the appropriate filters for PLM. Direct observation is necessary because the reader must turn the section with respect to the fixed filters to observe the predominant direction of birefringent regions and confirm the lack of orientation in non-birefringent regions. Readers answer each successive question in the flowchart (Fig. 1 ), in conjunction with consulting the word descriptions (Table I) and example images (Fig. 2) , until a score is obtained. Additionally, these materials are provided for training individuals. Figure 2 was created specifically for this purpose where each specimen is shown at multiple angles to illustrate the characteristics of the PLM score.
Evaluation of inter-reader reliability
Inter-reader reliability was evaluated using normal (n ¼ 4), degraded (n ¼ 2) and repair (n ¼ 22) biopsies. Sections were blinded and scored independently by three trained readers. Reader training involved demonstrating how to apply the PLM score using several human and equine examples with various levels of collagen organization. Inter-reader agreement was analyzed using two cases of the Intraclass Correlation Coefficient for Agreement (ICC) 55e57 . The first case, denoted ICC(2,1), estimates the reliability of using any one reader's scores, while the second case, ICC(2,3), estimates the reliability of the mean score of all three readers. ICC calculations were performed using a custom-built LabVIEW function (LabVIEW v.8.6, National Instruments, Austin, TX, USA) validated against results obtained with SPSS v.9 (SPSS Inc., Chicago, IL, USA).
PLM image processing
PLM images, required for reporting purposes, were captured at the microscope (Zeiss Axiolab) using a CCD Camera (Hitachi HV-F22 Progressive Scan Colour 3-CCD). Subsequent image processing included extracting the green plane from the original RGB image, equalizing to improve contrast, and deconvoluting to sharpen edges (Northern Eclipse v7.0, Empix Imaging Inc., Mississauga, ON, Canada). Often several images, captured with a 5x objective lens, were required to cover specimens in sufficient detail. These images were merged using the MosaicJ plugin in ImageJ v.1.42q (National Institutes of Health, USA). 
Results
Inter-reader reliability of the PLM score
Inter-reader reliability was assessed using 28 normal, degraded and repair biopsies (Fig. 3 , Table II ). The ICCs, ICC(2,1) and ICC(2,3), represent the ratio of variance in the sample population to that from the sample population plus reader-dependent variance. The values of ICC(2,1) and ICC (2, 3) , where a value of one signifies perfect agreement, were 0.90 (lower boundary of the 95% confidence interval is 0.83) and 0.96 (lower boundary of the 95% confidence interval is 0.94), respectively. These values indicate excellent inter-reader reproducibility, where ICC(2,1) of 0.90 describes the expected reliability for any one reader, which increases to 0.96 (ICC(2,3) ) when the mean scores of three readers are used.
High inter-reader agreement reflects the ability of the PLM score to be interpreted and applied effectively by different trained individuals. In all samples, scores among readers did not deviate by more than one ordinal. When samples were ranked from the highest to lowest score for each user, the general hierarchy was the same, with normal ranging from 3 to 5, degraded scoring 2, and repair ranging from 0 to 3, reflecting the variable collagen organization possible in repair tissues.
Age-related hyaline cartilage appearance
Differences in birefringence were observed in normal cartilage from various age groups (Fig. 4) . The most apparent changes were detected in the SZ. In young adult cartilage, receiving PLM scores of 5, relatively uniform birefringence in the SZ was observed, while in older cartilage SZ thickness varied or partial tears/minor fibrillation were present that altered birefringence patterns, often resulting in PLM scores of 4. The preliminary findings on this small group (n ¼ 6) suggest age-dependent birefringent changes to which the PLM score is sensitive.
Discussion
The PLM score provides a systematic method for assessing collagen architecture in repair cartilage, a feature that is insufficiently evaluated by present histological scores, and which is central to cartilage biomechanical properties and durability 27, 28, 46 .
Both hypotheses were supported by our data. Systematic assessment of human biopsies was achieved, where the greater complexity in collagen structure observed in repair vs normal and degraded tissues was successfully captured by the PLM score (Fig. 3 , Table II Comparison to previous PLM studies for native cartilage & repair tissues PLM has been used extensively to study fibrillar collagen in articular cartilage, including describing its unique network structure 1, 4, 5 , documenting changes to collagen organization during development 27, 41, 58 or aging 51, 59 . PLM has also been used to validate other collagen imaging modalities 39, 54, 60 , and for observing changes during loading 28, 31, 52 or degradation 29, 61 . Applying PLM as a tool to evaluate collagen organization in repair cartilage is becoming more prevalent with several studies using PLM to examine histological sections qualitatively 23 These authors identify several advantages of PLM for analyzing repair cartilage, including its ability to distinguish hyaline cartilage from fibrocartilage in samples that demonstrate hyaline-like characteristics in light microscopy 22, 37 , and PLM offers a means to observe collagen organization, which is not possible with traditional histological staining methods 65 . PLM has been used qualitatively to observe overall collagen architecture in order to describe a general tissue type (fibrocartilage, hyaline etc.) 22, 23 , or to highlight specific characteristics such as collagen anchoring to subchondral bone 23, 36, 37 . These are examples where the PLM score, which offers a more systematic assessment of different levels of collagen organization, could be employed to facilitate comparisons between repair tissues.
Overall collagen fibre anisotropy differences in repair cartilage produced by autologous chondrocyte transplantation compared to controls were detected using quantitative PLM, though specific zonal structure was not described 64 . Vasara et al. 38 reported that similar measurements were extremely variable, limiting their value and leading the authors to conclude that the repair collagen structure had no resemblance to hyaline cartilage. However, in the two representative images reported, areas of birefringent tissue are present, indicating some level of organization even though they lack complete hyaline-like organization. The high variability associated with these types of quantitative PLM methods, when applied to repair cartilage, may indicate that perhaps a more generally applicable score, such as the PLM score, would be better suited to assessing collagen organization in these tissues. These previous studies highlight the need for a qualitative PLM score that is inherently more flexible than quantitative methods, but that provides a systematic and reproducible method for evaluating collagen fibre organization in repair cartilage.
Distinguishing the PLM score vs other approaches
Collagen architecture is critical to cartilage function and durability, and therefore likely a strong predictor of the long-term success of repair cartilages. The OsScore 23, 37 , ICRS I 22, 66 and ICRS II 13, 26 , rate a variety of tissue characteristics and all recommend using PLM as a component in gauging a general tissue type but do not describe nor allocate a separate category where different levels of collagen organization can be classified. This PLM score specifically analyses collagen architecture, gauging the extent that the collagen network resembles that of young adult hyaline cartilage, which may be more appropriate for analyzing repair cartilages given the variability possible for these tissues. As patient reported outcomes relating to the repair samples could not be accessed for comparison, the suitability of the PLM score for assessing cartilage was instead evaluated against ICRS I & II. Moderate (0.7 < r < 0.8) and high (r > 0.8) correlations between the PLM score and three ICRS I (matrix, cell distribution, subchondral bone) and seven ICRS II (tissue morphology, matrix staining, cell morphology, surface architecture, superficial assessment, mid-deep assessment, overall assessment) categories were detected 43, 67 . These relationships are logical because these categories rate features associated with collagen organization 22, 26 . This PLM score can be used alongside other gold standard histological scoring systems to generate a more complete picture of repair tissue quality and assist in comparing tissues produced by different repair strategies.
Technical aspects affecting birefringence
PLM exploits the optical properties of fibrillar collagens, allowing collagen orientation to be inferred from the presence of birefringent/non-birefringent regions 30, 35 . Birefringence occurs from changes to the direction of polarization of light passing through a histological section due to the direction of collagen at each point in the section. This effect is further influenced by factors such as collagen content, the sectioning plane, optical properties of the mounting media, staining, and specimen thickness 32, 40, 68 .
As the PLM score is qualitative, it is adaptable to histological sections with different characteristics, for example, thicknesses other than 5 mm, or stained sections where collagen is not obscured.
We recommend standardizing sample preparation to minimize the influence of these types of factors. In the present study, we used 5 mm thick unstained sections mounted in a medium with a similar refractive index to collagen, approximately 1.5, in order to minimize artificial form birefringence. Proteoglycans were not removed as they contribute only 6% of total birefringence 32 . Indeed, in these conditions, the main source of birefringence was the orientation of collagen fibres. More specifically, birefringence reflects the course of the large primary collagen fibres. There are many smaller, secondary fibres randomly oriented throughout the full thickness of cartilage 35, 69 that may contribute to overall birefringence.
A factor that we could not control was the sectioning plane. Typically for PLM, sectioning is done with respect to surface split line direction 2, 32, 35 . Split lines are artificially created on the articular surface by piercing with a rounded needle, causing collagen fibres to split along lines of tensile stress and indicating SZ orientation 1, 2, 70, 71 . Sections parallel to the split lines demonstrate different birefringence patterns compared to those cut perpendicularly 2, 32, 35 . This difference is most apparent in the SZ where perpendicular sections, in which SZ fibres are transected, appear non-birefringent. However, human biopsies are small osteochondral cores extracted under conditions which are not amenable to monitoring the anatomical direction of the biopsy. Nonetheless, we did not encounter samples where oriented zones appeared nonbirefringent during scanning electron microscopy (SEM) validation studies, where systematically sampled SEM images verified global collagen orientations observed in PLM. A strong correlation (r ! 0.80) was detected between PLM and an analogous SEM score 43, 72 .
Conclusions
This PLM score is a valuable new histological score offering a systematic, global assessment of collagen organization, a critical feature for successful repair cartilage function and durability. The authors recommend that it be used in addition to current histological scoring systems to enhance the assessment of cartilage repair tissue quality.
